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Reactive oxygen species (ROS) can be generated during the course of normal aerobic
metabolism or when an organism is exposed to a variety of stress conditions. It can
cause a widespread damage to intracellular macromolecules and play a causal role in
many degenerative diseases. Like other aerobic organisms plants are also equipped with
a wide range of antioxidant redox proteins, such as superoxide dismutase, catalase,
glutaredoxin, thioredoxin (Trx), Trx reductase, protein disulﬁde reductase, and other kinds
of peroxidases that are usually signiﬁcant in preventing harmful effects of ROS. To defend
plant cells in response to stimuli, a part of redox proteins have shown to play multiple
functions through the post-translational modiﬁcation with a redox-dependent manner. For
the alternative switching of their cellular functions, the redox proteins change their protein
structures from low molecular weight to high molecular weight (HMW) protein complexes
depending on the external stress. The HMW proteins are reported to act as molecular
chaperone, which enable the plants to enhance their stress tolerance. In addition, some
transcription factors and co-activators have function responding to environmental stresses
by redox-dependent structural changes. This review describes the molecular mechanism
and physiological signiﬁcance of the redox proteins, transcription factors and co-activators
to protect the plants from environmental stresses through the redox-dependent structural
and functional switching of the plant redox proteins.
Keywords: external stress, molecular chaperone, multiple functions, redox proteins, structural and functional
switching
INTRODUCTION
Plant cells produce various kinds of reactive oxygen species (ROS)
from internal and external sources, such as hydrogen peroxide
(H2O2), superoxide anions, and hydroxyl radicals. They can dam-
age cellular components or act as important signal transduction
molecules to trigger the cellular defense signaling cascades (Baier
and Dietz, 2005; D’Autreaux and Toledano, 2007; Schwarzlander
and Finkemeier, 2013). Thus, it is crucial for cells to detect the
levels of ROS and activate defense signaling pathways (Moller and
Sweetlove, 2010). To initiate cellular signaling cascades responding
to a myriad of environmental signals, plants generate redox gradi-
ent across the plasma membrane, change metabolic activities, and
trigger the inactivation of the oxidative burst-generating enzymes
(Pignocchi and Foyer, 2003; Suzuki et al., 2012).
The alteration in steady-state level of ROS and subsequent
changes of intracellular redox potential are important systems
to regulate cellular signaling factors linking external stimuli with
intracellular signal transduction pathway in response to stresses
(Finkel, 2011). Plants are autotrophic organisms that are capa-
ble of undergoing photosynthesis by which they absorbed light
energy that generate high electron and transport to chloroplasts,
mitochondria, and peroxisomes along a cascade of redox com-
ponents. During the reactions, ATP, NADPH, and other soluble
reducing equivalents of ferredoxin (Fd), and thioredoxin (Trx)
are generated (Schurmann and Buchanan, 2008). In addition,
the thiol/disulﬁde state strongly regulates the light-dependent
modulation of chloroplast enzyme activities (Scheibe, 1991). On
the other hand, both the chloroplast and mitochondria originated
as bacterial endosymbionts which retain a specialized genome and
electron transport chains (ETCs; Murphy, 2009). The ETCs of
plant mitochondria and chloroplast are major generator of ROS
that contain ﬂavin, metal centers, and quinones as their elec-
tron transport centers. Whereas, in the regulation of nuclear
gene expression, plant peroxisomes controls intracellular ROS
levels, plant photomorphogenesis, plant development, peroxiso-
mal biogenesis, light signaling, and stress responses (Hu et al.,
2002). In the moderate to high rates of photosynthesis, the
peroxisome becomes the site of massive light-dependent gener-
ation of H2O2. They are multi-purpose organelles involved in
fatty acid α-oxidation, β-oxidation of very long chain fatty acids,
catabolism of purines, and biosynthesis of glycerolipids and bile
acids. During the reactions, redox signals play important roles,
since peroxisomes produce H2O2 at high rates through the reac-
tions of β-oxidationof long chain fatty acid and glycolate oxidation
(Jimenez et al., 1997).
To integrate ROS production frommajor sources of plant cells,
they produce large quantities of redox-materials to buffer the
intracellular redox changes by expressing many kinds of soluble
hydrophilic antioxidants, ascorbate, glutathione, and redox-
regulating proteins including Trx, glutaredoxin (Grx), protein
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FIGURE 1 | Cellular responses against reactive oxygen species. During
a variety of stress conditions (UV, environmental stress, etc), reactive
oxygen species (ROS) can be generated. At the start of the reaction, a
primary ROS which is superoxide anion (O2−) can be formed by the one
electron reduction of molecular oxygen. The superoxide anion (O2−) is
dismutated by superoxide dismutase (SOD) to hydrogen peroxide (H2O2)
which is detoxiﬁed by catalase (CAT), ascorbate peroxidase (APX),
glutathione peroxidase (GPX), and peroxiredoxin (Prx). Once the superoxide
anion (O2−) is formed in the presence of H2O2, it becomes inevitable.
Further reactions may lead to the formation of hydroxyl radicals (HO·).
Antioxidant proteins protected the damages of ROS leaking from
peroxisomes. H2O2 can easily permeate the peroxisomal membrane and
play an important role in protection of cells from ROS damages. And
various ROS transmitted to the mitochondrion play a role in the adaptive
response of mitochondrial redox state, especially for the reduction state of
respiratory pathways. The redox signals will be transmitted to the nucleus
to regulate plant growth and developments. Trx represents thioredoxin.
disulﬁde reductase (PDI), etc. (Figure 1). These compounds are
important factors to determine the lifetime of H2O2 and redox
potential of plant cells (Noctor and Foyer, 1998; Foyer andNoctor,
2013). Changes in the redox state of these components regulate the
expression of both plastome- and nuclear-encoded proteins. Fur-
thermore, the redox information co-ordinates the gene expression
located in the compartments of chloroplasts, mitochondria, and
nucleus (Allen and Pfannschmidt, 2000). Redox signals also leave
the chloroplast and mitochondria to provide a decisive input into
transcriptional control of the plant nucleus. Thus, redox signal-
ing plays a key role in the coordination between the cytoplasmic
genomes in the chloroplast and mitochondria and the nucleus
functioning within the global network of whole plants and it may
also provide evidence of many cellular proteins and enzyme activ-
ities that should be precisely regulated in response to plant growth,
development, and differentiation.
STRUCTURAL AND FUNCTIONAL REGULATION OF
REDOX-DEPENDENT TRANSCRIPTIONAL FACTOR
AND CO-ACTIVATORS
Reactive oxygen species can cause widespread damage to biologi-
cal macromolecules (Halliwell and Gutteridge, 1990; Alvarez et al.,
1998). In order to protect themselves from oxidative stress and
ROS-mediated protein unfolding and aggregation, plant cells are
equipped with a wide range of antioxidant proteins, including
superoxide dismutase, catalase, peroxidases, and diverse forms of
molecular chaperones, small heat shock proteins (Hendrick and
Hartl, 1993; Dietz, 2003). Furthermore, several moon-light pro-
teins have multiple functions responding to foreign stresses, such
as ROS, heat shock, and pathogen attacks, accompanying with
their structural changes (Lee et al., 2009; Park et al., 2009; Chae
et al., 2013). In this review, we will introduce several representa-
tive examples of the proteins which switch their protein structures
and functions with a redox-dependent manner in response to
external stresses. Redox-regulation is a ﬁne-tuning mechanism
for the transcription of plant genomes in nucleus, chloroplast,
and mitochondria to co-ordinate with plant development and
differentiation along with environmental parameters (Baier and
Dietz, 2005; Piippo et al., 2006; Schwarzlander and Finkemeier,
2013). There are several redox sensitive transcriptional factors
whose activities are relied on redox- and structure-dependent
manner (Tron et al., 2002; Heine et al., 2004; Serpa et al., 2007;
Shaikhali et al., 2008, 2012). Among them, the redox-dependent
transcriptional factor, Rap2.4a, was isolated and studied as an
efﬁcient redox-sensor and transducer of redox status of cells to
nucleus to control transcriptional activity of chloroplast antioxi-
dant proteins (Shaikhali et al., 2008). The protein was cloned from
a yeast-one-hybrid screening with a cis-regulatory element of 2-
Cys peroxiredoxin (Prx)-A gene (2CPA) is grouped into activator
protein 2 (AP2)-type transcription factor (Srivastava et al., 2009).
Rap2.4a transcriptional activity is regulated by dithiol/disulﬁde
transition of regulatory cysteinyl residues (Shaikhali et al., 2008).
During the processes, the protein changes its quaternary structures
according to redox status. Under oxidizing conditions, Rap2.4a
switches its structure from monomer and dimer to polymers,
respectively. And the dimeric form of Rap2.4a plays a critical role
as a transcription factor to stimulate nuclear gene expression of the
photosynthetic chloroplast enzymes (Shaikhali et al., 2008). Thus,
the homodimeric structure of Rap2.4a formed by intermolecular
disulﬁde bond is the active form necessary for DNA binding and
transcriptional activity. Also the oxidation of the dimer by H2O2
or reduction by dithiothreitol (DTT) signiﬁcantly changes its pro-
tein structures to make homopolymer and monomer and reduces
its DNA binding and transcriptional activity (Figure 2; Shaikhali
et al., 2008, 2012).
Another example of transcription factor regulating its activity
by structural changes is given in basic leucine zipper (bZIP) tran-
scription factor in Arabidopsis, AtbZIP16 (Shaikhali et al., 2012).
This protein belongs to theG-group ofArabidopsis bZIP type tran-
scription factors whose promoters are responsive to a variety of
environmental stimuli (Kleine et al., 2007). bZip16 has a conserved
Cys residues that plays a critical role in redox regulation of the
target gene expression,which is provenby the transgenicArabidop-
sis overexpressing the Cys mutated variant of bZIP16 (Shaikhali
et al., 2012). Multiple protein bands are detected corresponding
to monomer, dimer, and oligomer forms of AtbZIP16 in the non-
reducing conditions (Shaikhali et al., 2012). And the oligomeric
and dimeric forms are reduced by increasing DTT concentra-
tions, which results in a complete conversion to a monomer. In
contrast, increasing the concentration of H2O2 produces a grad-
ual loss of the small molecular forms, which suggests that H2O2
induces the formation of very high molecular mass complexes
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FIGURE 2 | Regulation of gene expression by Rap2.4a through redox
changes. Under oxidizing conditions, Rap2.4a changes its structure from
monomer, dimer to oligomer. The homodimeric structure of Rap2.4a can
bind to the DNA promoter of antioxidant like 2-Cys peroxiredoxin and plays
as transcription factor to regulate its gene expression. If the redox balance
changes to more oxidized condition, the expression level of Rap2.4a is
increased. But, during severe oxidative conditions, Rap2.4a expression is
decreased and lost its transcriptional activity due to oligomerization. This
model is modiﬁed from the reference of Shaikhali et al. (2008).
in a reversible way. The high molecular mass oligomers can be
reversibly dissociated by the treatment of reducing agents, such as
DTT. Only DTT-mediated dissociated AtbZIP16 can bind to DNA
promoter and functions as a transcription factor (Shaikhali et al.,
2012). The mutated Cys variant form of bZIP16 has an important
physiological signiﬁcance of its conserved Cys residue in redox
regulation of gene expression. Based on these data, the redox-
dependent structural changes is highly important to modulate the
activity of these transcription factors in response to environmental
signals.
A typical redox protein regulating its protein structure and
functions against external biotic stress can also be found from the
transcriptional co-activator, NPR1 (NON-EXPRESSOR OF PR1;
Mou et al., 2003; Tada et al., 2008). The gene was originally cloned
from Arabidopsis mutant screening to identify the loss of ability
to respond to inducers of systemic acquired resistance (SAR) such
as salicylic acid (SA), and designated npr−1, nim−1, and sai1,
simultaneously. The NPR1 having no DNA-binding domain acts
as a co-activator by speciﬁcally associated with the speciﬁc DNA-
binding transcription factor, TGACG sequence-speciﬁc binding
proteins (TGAs), and plays a critical role in plant pathogen resis-
tance (Grant and Lamb, 2006; Spoel et al., 2009; Maier et al.,
2011). NPR1 containing several conserved Cys residues controls
the expression of over 2,200 defense response genes in Arabidop-
sis and has stable structure that forms a high molecular weight
(HMW) oligomer, which makes the protein conﬁne at the plant
cytoplasm (Mou et al., 2003;Wang et al., 2006). The npr1 mutants
neither accumulate pathogen-related (PR) proteins in response
to SA nor exhibit resistance against pathogen infection, such as
downy mildew. The NPR1 gene contains a BTB (BR-C, ttk and
bab)/POZ (Pox virus and Zinc ﬁnger) domain at its N-terminus
which facilitates dimerization of NPR1 and ankyrin repeats in the
central region that is involved in the interaction with TGA sub-
family of bZIP transcription factors (Stogios et al., 2005; Boyle
et al., 2009). Under the normal conditions, NPR1 exists as an
inactive form of oligomers that are associated by intermolecu-
lar disulﬁde bonds in the cytosol (Figure 3). However, the redox
changes triggered by SA, a phytohormone produced in response to
pathogen attack, induce the release of NPR1 from the oligomers
to an active form of monomer by reduction of the intermolec-
ular disulﬁde bridges (Dong, 2004; Moore et al., 2011; Astier
et al., 2012). Then, the NPR1 monomer translocates from the
cytosol to nucleus and stimulates the transcriptional activation
of defense-related genes through the binding with transcription
factors belonging to TGA sub-family (Dong, 2004; Moore et al.,
2011; Astier et al., 2012). Particularly, the S-nitrosylation of Cys156
has been shown to trigger conformational changes of NPR1 facili-
tating disulﬁde linkage betweenNPR1monomers to form inactive
homopolymers. During the redox-mediated switching of its func-
tion and structures from the inactive oligomers located in cytosol
to the active monomeric NPR1 that will be translocated to the
nucleus, Trx-h5 plays an important role in the NPR1 dissociate
ion and activation. NPR1 may be the most important gene for the
preparation of broad spectrum disease-resistant transgenic crops
(Cao et al., 1994; Delaney et al., 1995; Shah et al., 1997).
FUNCTIONAL SWITCHING OF REDOX PROTEINS
ACCOMPANYING WITH THEIR REDOX-DEPENDENT
STRUCTURAL CHANGES
Thioredoxin is a general disulﬁde oxidoreductase and a ubiqui-
tous redox protein with a single disulﬁde bridge in all organisms.
The function of Trx is involved in numerous redox-dependent
cellular processes, such as activation of ribonucleotide reductase,
photosynthetic activity of plant cells, modulation of transcrip-
tion factors, and promotion of a variety of diseases (Aslund and
Beckwith, 1999; Balmer et al., 2003; Ravi et al., 2005). Trxs also
control several redox-independent cellular reactions including an
assembly of T7 DNA polymerase complex and formation of ﬁl-
amentous phage (Feng et al., 1997; Hamdan et al., 2005). The
proteins belonging to Trx group share high amino acid sequence
similarity and contain a common structural motif, the Trx-fold.
TheTrx-fold comprises approximately 80 amino acid residueswith
a central core of ﬁve β-strands that are enclosed by four α-helices
and two hydrophobic zones (Katti et al., 1990). The interesting
point we want to focus in this review is that some of redox proteins
harboring the Trx-fold have been shown to behave as molecu-
lar chaperones with their endogenous reductase function. The
proteins include Trx-like domain containing protein (TDX), pro-
tein disulﬁde isomerase, and 2-Cys-Prxs (Quan et al., 1995; Jang
et al., 2004), etc. To be a molecular chaperone, it should interact
with target substrates and switch its protein structures in response
to external stresses with a reversible fashion (Jang et al., 2004;
Lee et al., 2009; Park et al., 2009). The Trx-fold containing pro-
teins interact with substrate proteins through their hydrophobic
surfaces around their active sites and reversibly change the protein
structures as the following examples.
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FIGURE 3 | Conformational switching from the oligomers to a
monomer of NPR1 by redox changes in plants. Under normal
conditions, NPR1forms an inactive oligomer structure and is oxidized by
intermolecular disulﬁde bonds in the cytosol. However, during pathogen
attack, the NPR1 changes its structure from inactive to active form of
monomer through the reduction of the intermolecular bridges by h5-type
thioredoxin (AtTrx-h5). Then, NPR1 will be translocated to the nucleus and
interacts with TGA1transcription factor that can induce PR gene expression.
TGA1 in normal condition is inactive and oxidized form with intramolecular
disulﬁde bonds in the nucleus. However, in stress condition TGA1 will be
reduced and interact with NPR1 and can enhance its DNA binding activity
through S-nitrosylation (SNO) and S-glutathionylation (S-GS) by GSNO and
glutathione (GSH/GSSG). This model is modiﬁed from the reference of Moore
et al. (2011).
Among the various kinds of Trx isoforms, a speciﬁc type ofAra-
bidopsis Trx in cytosol, AtTrx-h3, forms various protein structures
ranging from low molecular weight (LMW) protein species to
HMWhomo-complexes, which are veriﬁed by size exclusion chro-
matography, native-PAGE gel, and electro-microscopic analyses
(Park et al., 2009). The AtTrx-h3 performs dual functions, acting
as a disulﬁde reductase and as a molecular chaperone, which are
closely associated with its differently sized multiple protein struc-
tures. The disulﬁde reductase function is observed predominantly
in the LMW forms, whereas the chaperone function predom-
inates in the HMW complexes. The multimeric structures of
AtTrx-h3 are regulated by redox status. The reduction of AtTrx-
h3 by DTT changes the HMW structures of AtTrx-h3 into LMW
protein species, and subsequent treatment of hydrogen peroxide
(H2O2) after removal of DTT almost restores theHMWstructures
of AtTrx-h3. Particularly, the AtTrx-h3 polymeric structures are
associated not only by the forces of hydrophobic interaction but
also by the redox-dependent disulﬁde bonds. Two active cysteine
residues in AtTrx-h3 are required for disulﬁde reductase activity,
but not for chaperone function. Thus, the active site mutant pro-
tein, C39/42S-AtTrx-h3, is not able to reduce disulﬁde bonds of
substrate at all, but has nearly the same chaperone activity as that
of native AtTrx-h3 protein. The transgenic lines overexpressing
native AtTrx-h3 or C39/42S (DM) mutant AtTrx-h3 having only
the chaperone function exhibit enhanced heat shock tolerance
compared to wild-type plants. From the results, it can be con-
cluded that the AtTrx-h3 plays a pivotal role in the protection of
plant cells from external stresses through its chaperone function
(Park et al., 2009).
In addition to the At-Trx-h3, the plant-speciﬁc Trx-like pro-
tein containing 3 tetratricopeptide repeat (TPR) domains and a
Trx motif which is designated AtTDX has a highly heat-stable
property. The TPR units in AtTDX are particularly important
for protein–protein interaction and formation of multi-protein
complexes (Blatch and Lassle, 1999), which are characteristic
properties of molecular chaperones. AtTDX has diverse protein
structures consisting of monomer, dimer, oligomer, and HMW
complexes. The protein also displays multiple functions, acting
as a disulﬁde reductase, foldase chaperone, and holdase chaper-
one. In particular, the functions of AtTDX are closely associated
with its oligomerization status. Like the AtTrx-h3, multimeriza-
tion of AtTDX enhances its holdase chaperone activity, whereas
dissociation promotes its disulﬁde reductase and foldase chap-
erone functions. However, when the TPR domains of AtTDX is
removed, the truncated protein shows a signiﬁcant enhancement
of its disulﬁde reductase activity but results in a complete loss of
the holdase chaperone function of AtTrx-h3 (Lee et al., 2009). The
result suggests the TPR domains of AtTDX completely block the
active site of Trx motif and play a critical role in promoting the
holdase chaperone function. Moreover, the Cys mutant proteins
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(C304S,C307S, andC304/307S) of AtTDXdo not exhibit disulﬁde
reductase activity but display a similar activity of holdase chaper-
one function as native AtTDX. The results suggest that the active
site Cys residues critically contribute to the reductase function
but not the chaperone function. For the regulation of its multiple
functions, protein structure of AtTDX is varied against external
conditions. The oligomerization status of AtTDX is reversibly
controlled by heat shock and ROS concentrations, which cause
a transition from LMW to HMW complexes with a concomi-
tant functional switching from a disulﬁde reductase and foldase
chaperone to a holdase chaperone. It is generally known that the
chaperone function contributes resistance to cells against exter-
nal stresses. Thus, when the heat-stressed Arabidopsis of the WT,
AtTDX overexpression lines, AtTDX suppression lines, and Cys-
mutant (C304/307S) AtTDX overexpression lines having only the
holdase chaperone function are returned to their optimal tem-
perature, the transgenic lines overexpressing the native form and
C304/307S mutant form of AtTDX recover during the post-stress
recovery period. In contrast, AtTDX suppression lines of Ara-
bidopsis show a highly sensitive phenotype against heat shock.
The results can conclude that the holdase chaperone function of
AtTDX plays a major role in the protection of Arabidopsis from
heat stress during the heat shock and/or recovery period (Lee et al.,
2009).
Another redox protein sharing a similar regulation mode with
AtTrx-h3 and AtTDX proteins can be found from the C-type of
NADPH-dependent Trx reductase (NTRC), which is a new mem-
ber of the plant-speciﬁc NADPH-dependent Trx reductase (NTR)
family. During the early evolution of chloroplasts, the NTRC
appears to be originated from cyanobacteria by the transfer of this
gene into the plant genome. The protein contains an N-terminal
Trx reductase (TR) domain and a Trx domain at the C-terminus.
The functional role of this fusion of domains in NTRC has been
veriﬁed as an efﬁcient electron donor to 2Cys-Prx (Moon et al.,
2006; Perez-Ruiz et al., 2006). Particularly, Arabidopsis NTRC
shows enzymatic activity characteristic for each of its separate
domains and in a combination of the TR and Trx domains (Moon
et al., 2006). The disulﬁde reductase function of NTRC is coupled
with the reducing power, NADPH, which is produced by photo-
synthetic electron transport systems in the light conditions. The
knockout mutant of Arabidopsis NTRC exhibits growth inhibition
under stress conditions and shows reduced auxin levels (Serrato
et al., 2004; Lepisto et al., 2009). In the letter case, the mutant
phenotypes are restored by supplementing growth medium with
tryptophan and phenylalanine. Interestingly, it has been reported
that the protein structures of NTRC have various oligomeric con-
formations in other species like rice, barrel medic, and barley
(Alkhalﬁoui et al., 2007; Perez-Ruiz and Cejudo, 2009;Wulff et al.,
2011). That is, NTRC assembles into homopolymeric structures
of varying complexity with functions as a disulﬁde reductase,
a foldase chaperone, and as a holdase chaperone. The multiple
functions of NTRC are also associated with its protein structures.
Complexes of HMW show stronger activity as a holdase chaper-
one, whereas the LMW species exhibit weaker holdase chaperone
activity with stronger disulﬁde reductase and foldase chaperone
activities (Table 1). Heat shock converts LMWproteins intoHMW
complexes and gradually increases the holdase chaperone function
Table 1 | Structural and functional switching of NTRC inArabidopsis
thaliana in response to redox state.
NTRC Redox state
Reduction Oxidation
Protein
structures
Low molecular weight
species
• Monomer
• Dimer
High molecular weight
complexes
• Oligomer
Functions Disulﬁde reductase
Foldase chaperone
Holdase chaperone
of NTRC. Upon the heat shock treatment, NTRC results in a
decrease in its disulﬁde reductase and foldase chaperone activities.
In conclusion, heat shock-mediated oligomeric changes of NTRC
are closely associated with a change in its functional switching
from a disulﬁde reductase to a molecular chaperone.
CONCLUSION AND PERSPECTIVE
To cope with external stresses, plants regulate their protein func-
tions by employing anumberof efﬁcient regulation strategies, such
as phosphorylation/dephosphorylation, covalent modiﬁcation,
proteolytic degradation or activation, interacting with partner
proteins, and so on. However, at recent, the post-translational
modiﬁcation is identiﬁed as one of the most important, rapid
and precise methods to respond eukaryotic cells against environ-
mental stresses. The redox-dependent functional switching is a
typical scheme for the plant defense systems. Particularly, the
functional shift of the redox proteins is accompanied with their
structural changes in response to redox changes. In this review, we
introduce several examples of the redox proteins to respond envi-
ronmental circumstances. However, besides the redox proteins
in eukaryotes, many redox-independent proteins showing similar
regulation pattern with the proteins have also been identiﬁed from
various sources, such as plant phosphodiesterase, sodium/proton
antiporter (NHX), salt overly sensitive 1 (SOS1), mammalian
nuclear factor kappa beta (mammalian NF-kB) and AP1, yeast
Yap1, bacterial OxyR/S, and so on (Zheng et al., 1998; Toone et al.,
2001; Kim et al., 2002, 2012; Hess et al., 2004; D’Autreaux and
Toledano, 2007; Salminen et al., 2008; Rodriguez-Rosales et al.,
2009; Ji et al., 2013). Thus, these elaborate functional regulation
mode allows higher eukaryotic organisms to precisely respond to
external stresses and to survive from the harsh and changeable
environmental conditions. This review provides valuable insights
intohowplants can respond to the rapid changes of redoxpotential
induced by biotic/abiotic stresses at the molecular level.
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